During Ulysses passage through the Io plasma torus, along a basically north-to-south trajectory crossing the magnetic equator at R --• 7.8 Rj from Jupiter, the Unified Radio and Plasma Wave experiment observed weakly banded emissions with well-defined minima at gyroharmonics. These noise bands are interpreted as stable electrostatic fluctuations in Bernstein modes. The finite size of the antenna is shown to produce an apparent polarization depending on the wavelength, so that measuring the spin modulation as a function of frequency yields the gyroradius and thus the local cold electron temperature. This determination is not affected by a very small concentration of suprathermal electrons, is independent of any gain calibration, and does not require an independent magnetic field measurement. We find that the temperature increases with latitude, from --•1.3 x 10 5 K near the magnetic (or centrifugal) equator, to approximately twice this value at --10 ø latitude (i.e., a distance of --•1.3 R j from the magnetic equatorial plane). As a by-product, we also deduce the magnetic field strength with a few percent error.
INTRODUCTION
During the Jovian flyby of Ulysses the spacecraft traversed the outer part of Io's "warm" plasma torus. The Unified Radio and Plasma Wave (URAP) experiment [Stone et al., 1992a ] observed, among a complex spectrum of waves, continuous emissions near the upper hybrid frequency and between consecutive harmonics of the electron gyrofrequency. In the densest traversed region the electron density was high enough for the upper hybrid frequency to be close to the plasma frequency, and the noise spectrum background in that frequency range often corresponds to that of quasi-thermal fluctuations [Meyer-Vernet and Perche, 1989] , from which the plasma density and, less straightforwardty, the temperature of the cold electrons can be derived [Stone et al., 1992b emissions, even though their maximum amplitude is not necessarily observed at the center of a band. Although they have often been attributed to plasma instabilities, Sentman [1982] has shown that at least those observed in the dayside magnetosphere of the Earth can be interpreted as quasithermal fluctuations in Bernstein waves.
We shall calculate the apparent polarization (i.e., the variation of the spectral density with the antenna orientation), a problem not addressed by Sentman, for Bernstein Copyright 1993 by the American Geophysical Union.
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0148-0227/93/93JA-02587505.00 waves "seen" by Ulysses long dipole antenna. We will show that it has a rather unexpected behavior which agrees with the observations; from its analysis, the electrostatic wavelength and thus the cold electron temperature can be derived. We shall also compare the maximum level with a theoretical estimate of quasi-thermal noise using the work of Sentman [1982] .
OBSERVATIONS
The observations were carried out with the URAP radio astronomy receivers [Stone et al., 1992a] Apart from the upper hybrid noise and the bursty emissions, the most conspicuous features of the spectrum are smooth banded noise between consecutive harmonics of the gyrofrequency, below the plasma frequency. This paper focuses on these bands, which can only be observed properly with the low-frequency receiver because of its high resolution in frequency.
We will concentrate on the torus crossing; farther away from the planet, the radio experiment was generally set in a mode using cross correlations of the spin-plane dipole and the spin axis monopole antenna, which heavily complicates the interpretation. Figure 2 shows typical spectra (i.e., vertical cuts of Figure  1 ), obtained respectively (a) in the densest region explored by Ulysses and (b) in the outer fringe of the torus. Each spectrum corresponds to a linear frequency sweep of the receiver lasting 128 s, and each plotted data point is the average of four successive measurements acquired at each frequency within a 2-s step. The spectra have well-defined minima near harmonics of the gyrofrequency, with smooth maxima between them. In the examples shown the maxima occur at the center of the intraharmonic bands, but this is not always so. There is also a small-scale modulation due to the spacecraft rotation, which changes the orientation of the antenna with respect to the magnetic field (during half a spin period, the receiver frequency sweeps by --•2 kHz).
In general, the maximum spectral density is rather small: "•10 -12 V 2 Hz -1 in the middle of the harmonic bands and varies very smoothly in time and frequency. This prompted us to investigate the simplest interpretation: that it might be due to quasi-thermal fluctuations in Bernstein modes. Since these modes are electrostatic waves propagating perpendicular to the magnetic field, their reception should be a function of the antenna orientation, and the observed spin modulation is an important clue to their identification.
Spin Modulation
Since the spin modulation is not clearly seen on the concise presentation of Figure 2 (because of the averaging), we have plotted in Figure 3 the unaveraged spectral density as a function of time for each frequency sweep, together with the angle 0 between the antenna and the magnetic field B calculated from the magnetometer data [Balogh et al., 1992] .
In the high-frequency part of the intraharmonic bands, where the modulation is largest, the spectral density is maximum when the antenna is perpendicular to B and varies roughly as sin 2 0 (with small superimposed variations which may be due in part to small-scale plasma or magnetic variations). This is just the behavior expected for waves polarized perpendicular to B. However, the modulation depth decreases with frequency within the bands and becomes very small near 0 --• •r/2 at a normalized frequency f/fg --• 1.3-1.6 (depending on the location in the torus) in the first band, and at larger values off/fe -n in the second (n -2) band. In the low-frequency part of the bands the modulation is completely different: the signal has a broad minimum when the antenna is perpendicular to B (with a secondary minimum at 0 • 0), and the modulation depth is smaller. It may also be noted that the first minimum of the spectral shape is slightly below the first harmonic fife = 1, whereas the following ones are near fife -n within a few percent.
We shall return to this point in section 3.4.3. Other spectra acquired in the torus show a similar qualitative behavior.
At large distances from the equatorial plane and farther out from Jupiter the magnetic field makes a smaller angle with the spin axis, so that 0 varies much less as the spacecraft spins. So does the spectral density, as can be seen in Figure 2b , where the modulation is very small and difficult to analyze.
Magnetic Equator Crossing
During the few minutes when the spacecraft is within roughly ___2 ø magnetic latitude the level is strongly enhanced (often saturating the receiver at a level --•10 -9 V 2 Hz -1) and rather bursty near 3re/2, with a typical bandwidth Af/f--• 0.1-0.3; data from the high-frequency receiver indicate that higher harmonics are also present (see Figure 1 near 1616 UT) . Figure 4 shows three successive frequency sweeps acquired just before the magnetic equator crossing. Although it is more difficult to study because of the partial saturation, the spin modulation appears to have the same behavior as farther from the equator. As the spacecraft approaches the magnetic equator, the spectral density increases, culminating at A m • 0 ø. The corresponding spectrum (not shown because it is heavily saturated) appears to have a spectral 
THEORY
In order to interpret the observations in terms of Bernstein waves we have to address two points. First, since these modes are longitudinal and propagate perpendicular to the magnetic field, one might expect naively that the amplitude should always be maximum when the antenna is perpendicular to B. So, why does the apparent polarization change in the lower frequency part of the intraharmonic bands? A clue [Meyer-Vernet and Perche, 1989 ] might be that when the antenna is a iliamental dipole of length L longer than the relevant wavelengths (i.e., kL >> 1), its response modifies the apparent polarization of longitudinal waves. This is because the antenna is mostly sensitive to waves whose wavelengths along the antenna are of the order of its length. In order to have a projection --• 1/L with a modulus >> l/L, the vector k should make a large angle with the antenna direction; since E II k, this produces an apparent polarization perpendicular to the expected one. We shall put this crude argument on a quantitative basis for the specific case of Bernstein waves received by the URAP antenna. We will also estimate the noise theoretical level. This function is plotted in Figure 6 . Apart from a factor u 2 it has been calculated by [Sentman, 1982] These results are order-of-magnitude estimates for the center of the first intraharmonic bands. A precise calculation would require numerical computations as performed by [Sentman, 1982] , with, however, further difficulties discussed below. that since m, II << mp, the antenna impedance is expected to be rather small. When the spacecraft potential is negative, an important contribution to the impedance stems from the ion sheath surrounding the antenna; this contribution, however, is not sufficient to make the voltage at the receiver ports different in order of magnitude from that at the antenna ports. Hence for the present order-of-magnitude estimates we will assume that the signal levels at the receiver and antenna ports are approximately equal.
3.4.3. Doppler shift. The calculation assumes that the antenna is at rest in the plasma frame. In practice, however, there is a relative motion of velocity V, so that for each k in the spectral density integral, the angular frequency m must be replaced by the Doppler-shifted value m -k-¾.
In the torus the relative velocity may be assumed to be of the order of magnitude of the corotation velocity. At low latitudes and typical distances corresponding to our data (R " To get the electron temperature from the data, one has to determine the frequency fm at which the sense of the spin modulation (near 0 = •r/2) changes. To locate fm easily in spite of the presence of small irregularities in the data (which are partly due to small-scale variations of plasma and magnetic parameters during the frequency sweep), three conditions have to be met. First, the angle 0 between the antenna and B must vary widely when the spacecraft spins; second, the gyrofrequency must be sufficiently large for the intraharmonic bands to be resolved accurately enough. Third, fm should not be too close to the limits of the bands; otherwise, as may be seen in Ulysses crossed the magnetic equator near the outer boundary of the hot torus; in this region, the electron analyzers aboard Voyager (which were also sensitive to Tñ, albeit for different reasons) gave temperatures of the same order, with a (somewhat irregular) temperature increase with Jovicentric distance [Sittler and Strobel, 1987] . Such a variation with R might explain a part of the increase found here towards negative latitudes, but not that found on the other side of the equator. Therefore, our results most probably indicate an actual temperature increase with latitude or distance from the magnetic (or centrifugal) equatorial plane.
It is difficult to study the spin modulation and to deduce the temperature at magnetic equator crossing, owing to the partial saturation of the receiver. But it is noteworthy that the noise level just below the plasma frequency appears at that time to be close to thermal noise without a magnetic field (exhibiting in particular a very small spin modulation and a nearly flat spectrum below the plasma frequency). [Sittler and Strobel, 1987] in the hot torus. This is a rather strong confirmation of the present interpretation and suggests that the order of magnitude of the hot temperature did not change in this region. However, we must keep in mind that we only made a rough estimate, which is strongly dependent on the hot population distribution. Using the comparison between theory and experiment to deduce precise parameters of the hot electrons would require further study.
We note in passing that in most of the region where we have estimated Th, the spectrogram shows a bursty emission with a high-frequency cutoff just below 0.5 fg. This is best A very interesting point is that the gyrofrequency and thus the magnetic field strength can be derived from the frequencies of the spectral minima. Whereas individual determinations may be spoiled by possible noise bursts and by the spin modulation (and from 18 to -•2115 UT by additional shot noise due to a change in the antenna configuration), and cannot be more precise than the 0.75-kHz receiver bandwidth, a fairly good precision can be achieved by averaging over the gyrofrequencies deduced from the different harmonics. We have plotted in Figure 9 the gyroharmonics corresponding to the gyrofrequency deduced in this way, when at least two harmonics lie in the receiver range; dots show the measured frequencies of the spectral minima. For comparison, we have plotted the gyrofrequency calculated from the (64 s averaged) data of the magnetometer experiment on Ulysses [Balogh et al., 1992] . Both determinations agree within a few percent.
FINAL REMARKS
We have interpreted Ulysses electric field observations in the torus as quasi-thermal fluctuations in Bernstein waves. It may be noted that similar observations were carried out with the radio astronomy instrument aboard Voyager 1 and attributed to plasma instabilities [Birmingham et al., 1981] . However, in that experiment the resolution of the gyroharmonic bands was insufficient, and the authors acknowledged the possibility that stable nonthermal features might have been observed. An important result of the present study is that when the antenna is longer than roughly half the wavelength of Bernstein waves, the spectral density has a minimum when the antenna is normal to the magnetic field, contrary to what would be naively expected for longitudinal waves propagating perpendicular to B. This property is characteristic of iliamental antennae and does not hold for dipoles made of two small spheres. In practice, the antenna response plays an important role for Bernstein waves when the antenna length is larger than the cold electron gyroradius Pc. Sentman [1982] first noted the importance of this point when interpreting the absolute intensity and spectral shape. A similar situation holds around the plasma frequency in the absence of a magnetic field when the antenna length is larger than the Debye length [Meyer-Vernet and Perche, 1989] ; it has a similar physical origin, although the response function is in that case different since the field is isotropic instead of gyrotropic.
We have found that the normalized frequency f/fa at which the spin modulation reverses is a rather simple function of L/pc (through Bernstein's dispersion equation). This provides a new method to measure the cold electron temperature aboard a spinning spacecraft when the spin axis makes a significant angle with the local magnetic field. This measurement is nearly independent of the hot electrons when they only make up a very small percentage of the total density. Contrary to usual thermal noise spectroscopy 21,175 [Meyer-Vernet and Perche, 1989] , it is also independent of any gain calibration, and even of the plasma frequency if it is large enough. It does not require an independent measurement of the magnetic field, except if the latter varies very rapidly.
Our results might also serve to study the plasma instabilities for which I kll I << kñ, since the response function (7) permits to deduce the wavelength from the observed spin modulation.
In the ideal case when the electron distribution is a sum of two Maxwellians with nh/nc << 1 and Th/Tc >> 1 the absolute spectral density might be used to deduce Th (Tc being measured from the spin modulation). In this paper we have not tried to deduce a precise value of Th because this determination is very sensitive to the hot electron distribution, and precise results require complex numerical computations. We only note that the amplitudes measured in the torus agree in order of magnitude with the quasi-thermal noise calculated in a plasma whose electron distribution is made of two Maxwellians with a hot temperature in the kiloelectron volt range.
Our main result, obtained at --•8 R j from Jupiter, is that the cold electron temperature (Tcñ) increases (nonmonotonocally) with latitude, by a factor of--•2 over --•_+ 10 ø latitude (i.e., a distance of--•1.3 R j from the magnetic equatorial plane). It may be noted that the particle analyzers aboard Voyager 1 [Sittler and $trobel, 1987] gave some hints to a slight temperature increase with latitude, although the spacecraft trajectory was not adequate to study such an effect.
The latitudinal temperature increase found here is far too large to be explained by the variation in perpendicular energy expected along a line of force due to magnetic moment conservation, since the magnetic field change over 10 ø latitude is very small. The electrons are mainly driven by the ambipolar electric field which tends to confine them at low (centrifugal) latitudes, making them follow the ions in the presence of the corotational centrifugal force. Their Coulomb free path being much larger than the scale height, the situation has some similarities with a collisionless atmosphere confined by gravity. In that case, if the velocity distribution is Maxwellian, the temperature does not change with altitude. If, however, the distribution is not Maxwellian (being for example a Kappa function differing only slightly from a Maxwellian at low energies, but decreasing less steeply at high energies), the tendency of colder electrons to be more confined by the potential than the hot ones makes the effective temperature increase with height as the density decreases [Scudder, 1992] . (Also, the density at large distances decreases more gently than a Gaussian.) We have not yet explored the possibility of a similar effect being at work here.
A by-product of Bernstein wave measurements below fUH is the magnetic field strength, since the spectral shape has well-defined minima at the gyroharmonics. This shows that a passive radio experiment can serve both as an in situ thermometer and magnetometer when it is not measuring radio emissions. Iffg << fp (with nh << nc and L > L D) as holds in Io's torus, the peak at fp • fUH also gives the plasma density. This condition does not hold farther from Jupiter; one should then see additional spectrum maxima at the first fe frequencies (for which kñL is not too large), su•ciently distinct from fUH. This may be used to deduce the plasma frequency, using Bernstein's dispersion equation, for instance to measure the density in regions of Jupiter's environment where there were no particle measurements on Ulysses and when different interpretations of the relaxation sounder data [Stone et al., 1992b ] gave conflicting results.
